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A spongy nickel-organic CO, reduction photocatalyst
for nearly 100% selective CO production

Kaiyang Niu,"** You Xu,>** Haicheng Wang,*** Rong Ye,*® Huolin L. Xin,” Feng Lin,® Chixia Tian,®
Yanwei Lum,"? Karen C. Bustillo,'® Marca M. Doeff,” Marc T. M. Koper,'" Joel Ager,'?

Rong Xu,*>*" Haimei Zheng'**

Solar-driven photocatalytic conversion of CO, into fuels has attracted a lot of interest; however, developing active
catalysts that can selectively convert CO, to fuels with desirable reaction products remains a grand challenge. For
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instance, complete suppression of the competing H, evolution during photocatalytic CO,-to-CO conversion has
not been achieved before. We design and synthesize a spongy nickel-organic heterogeneous photocatalyst via a
photochemical route. The catalyst has a crystalline network architecture with a high concentration of defects. It is
highly active in converting CO, to CO, with a production rate of ~1.6 x 10* pmol hour™ g™". No measurable H, is
generated during the reaction, leading to nearly 100% selective CO production over H, evolution. When the
spongy Ni-organic catalyst is enriched with Rh or Ag nanocrystals, the controlled photocatalytic CO, reduction
reactions generate formic acid and acetic acid. Achieving such a spongy nickel-organic photocatalyst is a critical
step toward practical production of high-value multicarbon fuels using solar energy.

INTRODUCTION

Rapid fossil fuel consumption induces environmental burden and
energy crisis (1-3). Excessive anthropogenic CO, emission is a signif-
icant concern because of its hastening impact on climate change (4-6),
acidification of ocean (7), crop yield reduction (8), extinction of animal
species (9), and damage to human health (10, 11). Removal of excessive
CO, from the atmosphere (12), particularly converting CO, to fuels
using solar energy, is currently a global research endeavor (13-15). Dis-
covering novel catalysts that can reduce the stable CO, molecules and
convert them to liquid fuels with high activity and selectivity is essential
(13, 14). To date, despite the progress that has been made in inves-
tigating the photocatalytic reduction of CO, (15-19), controlling the
reaction to yield a specific product among many possible reaction spe-
cies, including CO, H,, CH,, and formic acid, remains a great challenge
(16, 20, 21). Finding photocatalysts that can efficiently convert CO, to
CO and largely suppress other competing photocatalytic reactions,
such as H, evolution, would be a critical step forward toward practical
solar-to-fuels conversion for the production of high-value multicarbon
fuels (15, 17, 22).

We recently developed a laser-chemical method and synthesized
active transition metal hydroxide catalysts with a high concentration
of defects for water oxidation (23). Specifically, we used an unfocused
infrared laser to initiate the reactions between transition metal ions and
triethylene glycol (TEG) and obtained a series of metal hydroxide-TEG
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composites with a distorted layered structure (23). This disordered
structure enhances the accessibility of water molecules to the active sites
and enables efficient electrocatalysis of alkaline water oxidation (23).
Such a laser-chemical strategy may be applied to the discovery of many
other catalysts, for instance, novel nanostructured metal-organic heter-
ogeneous catalysts for CO, reduction reaction.

When designing catalysts for CO, reduction, the material’s ability to
capture the CO, molecules is another significant consideration (24).
Metal-organic frameworks (MOFs) with high surface area and tunable
pores have been used for gas capture and heterogeneous catalysis (25, 26).
Typically, MOFs have highly ordered crystalline structures constructed
by coordinating metal ions or clusters with rigid organic linkers, most
often the aromatic carboxylic acid molecules (27), such as terephthalic
acid (TPA). In light of MOF structure design, we replace part of the rigid
linkers (for example, TPA) in traditional MOFs with soft molecules (for
example, TEG) by laser, considering the comparable molecular length
of TEG to TPA (fig. S1). When the TEG molecules, which lack essential
carboxylic groups for the perfect framework construction, are weaved
into the metal-TPA framework, their substitution of TPA linkers may
frustrate the growth of highly ordered MOF crystals, resulting in
disordered and defective metal-organic hybrids for effective CO, fixation.

Here, we design a model metal-organic CO, reduction catalyst, with
Ni*" ions as active metal centers, TPA as a rigid linker, TEG as a soft
linker, and dimethylformamide (DMF) as a solvent, via laser-induced
solution reactions. The as-synthesized catalyst, labeled as Ni(TPA/
TEG), has a crystalline network architecture with considerable defects
and performs nearly 100% selective gas production (CO over H, evo-
lution) with a high CO production rate of ~1.6 x 10* umol hour ™ g".
Further metal decorations (that is, Rh and Ag) of the Ni(TPA/TEG)
catalyst lead to controlled photocatalytic CO, reduction reactions that
generate formic acid and acetic acid.

RESULTS AND DISCUSSION

Structure determination of the Ni(TPA/TEG) catalyst

As shown in Fig. 1A, the Ni(TPA/TEG) composite forms a disordered
spongy network structure, in which Ni, O, and C are uniformly distrib-
uted (fig. S2). In comparison, the solution without TEG, Ni(TPA) only,
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Fig. 1. Structure of the laser-chemical tailored spongy Ni(TPA/TEG) catalyst. (

30°

A) Scanning TEM (STEM) images and energy-dispersive x-ray spectroscopy (EDX)

mapping of the spongy Ni(TPA/TEG) nanostructure. (B) STEM image of the Ni(TPA/TEG) particles. (C) Three-dimensional tomographic reconstruction of a fraction of spongy
Ni(TPA/TEG) composite (movie S1). (D) TEM image of the spongy Ni(TPA/TEG) nanostructure. The inset high-resolution TEM image displays the defective (020) lattices [d(o0) =
1.02 nm] of an orthorhombic crystal. (E) Scanning electron nanodiffraction series taken from the Ni(TPA/TEG) particle by a scanning nanoprobe with an electron beam size of
~3 nm. The probe step size is 10 nm with an exposure time of 0.5 s at each step and a total beam current of ~5 pA. (F) Diffraction patterns showing the [100] and [111]

orientations of the orthorhombic Ni(TPA/TEG) composite (movies S2 and S3). The dimensions of the diffraction patterns are 11.9 nm

forms large particles (Fig. 1B). A three-dimensional electron tomo-
graphic reconstruction of the spongy Ni(TPA/TEG) architecture reveals
various mesopores in the structure (Fig. 1C and movie S1), which close-
ly resembles the pore features identified from the N, physisorption
measurements (fig. S3). Figure 1D shows a typical transmission electron
microscopy (TEM) image of the spongy Ni(TPA/TEG) composite,
where defective lattices with a d-spacing of 1.02 nm are captured. To
further interpret the structure of Ni(TPA/TEG) composite, we acquire
a scanning nanobeam diffraction data set using an electron beam with a
size of ~3 nm, a total beam current of ~5 pA, and an exposure time of
0.5 s, where the electron beam damage to the metal-organic material has
been evidently minimized (Fig. 1E). Single-crystalline diffraction
patterns along the [100] and [111] orientations of the Ni(TPA/TEG)
composite are captured from two different regions of the spongy
network (Fig. 1F and movies S2 and S3), showing an orthorhombic
structure similar to that of the Ni(TPA) particles (fig. S4). Changes of
the diffraction patterns are observed from movies S2 and S3, indicating
defects (that is, grain boundaries) in the spongy Ni(TPA/TEG) catalyst
(fig. S5).

To verify that the soft TEG molecules have been incorporated into
the Ni(TPA) framework (Fig. 2A), we compare the structure of laser-
synthesized Ni(TPA) and Ni(TPA/TEG) composites in detail. The x-ray
diffraction (XRD) pattern (Fig. 2B) shows that the Ni(TPA) composite
has an orthorhombic structure where the Ni-TPA units construct the
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' x 119 nm™.

framework (fig. S4). The spongy Ni(TPA/TEG) has a crystal structure
similar to that of Ni(TPA), but slight differences exist in the peak
positions and widths of the x-ray lines, which may result from the ex-
change of linkers and solvent molecules in the structure (28). In the
Fourier transform infrared (FTIR) spectra (Fig. 2C), we can see that both
samples have clear bands of v(COO™) (1375 and 1575 cm™) and ring
breathing (815 cm™") from the TPA linkers. Characteristic bands of
SNCO (690 cm™) and v(CO) (1685 cm™*) from DMF molecules are
found in Ni(TPA), indicating that DMF molecules may reside in the
MOF cavities and coordinate with Ni** through carbonyl groups (28).
Meanwhile, distinct bands of v(OH) (1065 and 3374 cm™) related to
TEG are found exclusively in Ni(TPA/TEG), and no DMF bands are
detected, indicating that TEG molecules exist in Ni(TPA/TEG); DMF
molecules that originally occupied the Ni(TPA) framework cavities
prefer to leave. The EDX spectrum (Fig. 2D) also shows that no ni-
trogen (from DMF) can be detected in Ni(TPA/TEG). Thermo-
gravimetric analysis (TGA) curves in Fig. 2E, both displaying three
stages of mass losses, indicate differences between the two samples.
For Ni(TPA), the mass loss measurements of 6, 18, and 50% are from
H,O, DMF, and TPA, respectively (28); for Ni(TPA/TEG), the mass
losses of 16, 26, and 26% are from H,O, TEG, and TPA, respectively.
The large differences in the mass loss of TPA in the two samples (50%
versus 26%) indicate that soft TEG molecules have replaced part of the
rigid TPA linkers, causing the formation of a spongy Ni(TPA/TEG)
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Fig. 2. Comparison of laser-chemical tailored Ni(TPA/TEG) and Ni(TPA) composites. (A) Proposed design strategy of the disordered spongy Ni(TPA/TEG) composite by
introducing soft Ni-TEG building units into a Ni(TPA) framework through laser-chemical reaction. XRD patterns (B), FTIR spectra (C), EDX spectra (D), TGA curves (E), and XPS
spectra (F) of the laser-chemical tailored Ni(TPA/TEG) and Ni(TPA) composites. a.u., arbitrary units.

network. Because of the varying chemical environment of Ni**, the
Ni2p peaks in the x-ray photoelectron spectroscopy (XPS) spectra
(Fig. 2F) shifted to the right in Ni(TPA/TEG) compared to Ni(TPA).

We also find that it is more effective to use lasers to cross-link the soft
TEG and rigid TPA molecules together with the Ni** centers than to use
a traditional heating process (see the Supplementary Materials). Laser
irradiation appears to produce Ni-TEG building units that are indis-
pensable for the spongy Ni(TPA/TEG) network construction (Fig.
2A). Because of the soft character of TEG molecules, various in-
homogeneous configurations of Ni-TEG units can be generated. Mis-
matches between the soft Ni-TEG units and the rigid Ni-TPA units may
introduce considerable defects, leading to the formation of disordered
spongy Ni(TPA/TEG).

Evaluation of the photocatalytic activity for CO production
We apply the as-synthesized Ni-organic composites for visible
light-driven photocatalytic CO, reduction in a solvent mixture of
acetonitrile/water [considering the high solubility of CO, in acetoni-
trile (29)] under mild reaction conditions (20°C and 400 torr of
CO,), with triethanolamine (TEOA) as a sacrificial reducing agent
and Ru(bpy);Cl,-H,O as a photosensitizer (18, 30). Five samples
(figs. S6 to S8), that is, Ni(TPA) (L), Ni(TPA) (H), Ni(TPA/TEG) (L),
Ni(TPA/TEG) (H), and Ni(TEG) (L), synthesized by both laser irra-
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diation (L) and traditional heating (H), are examined. Figure 3A
shows the CO evolutions from these five Ni-organic catalysts in
a 6-hour photocatalytic reaction. The spongy Ni(TPA/TEG) (L) com-
posite shows the highest activity, and the amount of CO is 95.2 umol
after a 2-hour reaction, giving a CO production rate of 15,866 pmol
hour ™' ¢!, which is several times higher than that from other samples.
The total amount of CO produced on the spongy Ni(TPA/TEG)
catalyst in 6 hours reaches 136.9 pmol (Fig. 3A), giving a turnover
number of 11.5 for the 6-hour reaction (table S1). The CO production
rate is also superior compared with many other reported heterogeneous
CO evolution photocatalysts to the best our knowledge (17), such as the
Co;0, platelets with [Ru(bpy)s]Cl, as a photosensitizer (3523 pmol
hour™ g’l) (18), the sensitized TiO, particles with enzyme as a cocata-
lyst (300 umol hour™ g’l) (31), and the sensitized BaLa,Ti,O, 5 particles
with Ag as a cocatalyst (22 pmol hour™ _1) (16). Note that the soluble
homogeneous metal complex catalysts, which have also been inves-
tigated for controlled CO, reduction (32-34), are not categorized
here for comparison.

By testing the 2-hour yield of CO on different amounts of the
Ni(TPA/TEG) catalyst, we obtain a roughly linear relationship be-
tween the amount of evolved CO and the amount of the catalyst
(Fig. 3B). However, kinetically, we found that the CO production
rate actually decreases with the increase in the amount of the catalyst
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Fig. 3. Conversion of CO, to CO by photocatalysis. (A) CO evolution on five Ni-based catalysts with different combinations of TPA, TEG, and DMF. The composites
synthesized by laser-chemical approach are labeled with “L"; the ones synthesized by traditional heating method are marked with “H.” (B) CO production on different
amounts of the Ni(TPA/TEG) catalyst. (C) Average yield of CO in the first 2 hours for five recycling tests. (D) MS of 2CO (blue lines) and *CO (red lines) produced on the
spongy Ni(TPA/TEG) catalyst by using '2CO, and 3CO, as gas sources, respectively. m/z, mass/charge ratio. (E) Comparison of CO evolution on five laser-synthesized
M(TPA/TEG) (M = Ni, Co, Cu) catalysts. (F) Comparison of H, evolution on the five M(TPA/TEG) catalysts.

(fig. 9), where 1.0 mg of the Ni(TPA/TEG) catalyst gives a CO pro-
duction rate of ~26,620 pmol hour ' g" in the same solution, indicat-
ing that more electrons generated from the photosensitizer molecules
could have been transferred to the catalytic active sites. We have also
tested the reusability of the spongy Ni(TPA/TEG) catalyst upon each
2-hour photocatalysis, where the catalyst has kept its activity and
selectivity after recycling (Fig. 3C). It also exhibits excellent struc-
tural stability, and no obvious structural change is found after 24 hours
of photocatalysis (fig. S10). To confirm the origin of the as-produced
CO, we use isotopic *CO, as feedstock gas for the photocatalytic re-
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duction and examine the products by gas chromatography-mass spec-
trometry (GC-MS). A major signal at a mass/charge ratio of 29 on the
mass spectrum corresponding to *CO (Fig. 3D, red lines) appears,
which confirms that the as-detected CO originates from the CO, gas
source (fig. S11).

Transition metal ions with switchable electronic states have long
been considered promising active sites for diverse photocatalytic or elec-
trocatalytic reactions, such as water splitting (35-37), CO oxidation
(38), and CO, reduction (39). Consequently, we use the laser-chemical
method to synthesize four additional samples and compare different
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metal ions, that is, Ni**, Co**, and Cu" (fig. S12), as active sites for the
photocatalytic CO, reduction. Results show that the spongy Ni(TPA/
TEG) catalyst is still the most active catalyst for CO evolution, and
the activity worsens with the incorporation of Co and Cu ions (Fig.
3E). The amount of CO generated on the Ni(TPA/TEG) catalyst is al-
most two times that of the CO generated from Co(TPA/TEG) in a
6-hour photocatalytic reaction. The Cu(TPA/TEG) catalyst barely gen-
erates any CO, which is distinctly different from the metal Cu catalyst
that has superior activity for CO evolution from the electrocatalytic
reduction of CO, (40).

Evaluation of the CO production selectivity

We find that CO (CO, + H,0 + 2" —CO + 20H") is the only detect-
able gas product from the photocatalytic CO, reduction on the TPA-
containing Ni-organic catalysts. H, evolution (2H,O + 2e” —H, + 20H"),
usually acting as a major competing reaction in the CO, reduction system
for many transition metal-based catalysts (18, 20), has been completely
suppressed (table S1). Thus, a near 100% selectivity of CO production
(over H, evolution) is achieved. Note that no other potential competing
gas products, such as CH, and C,H, (17), have been detected in our
experiments either.

For comparison, we have detected considerable amounts of H, from
other laser-synthesized M(TPA/TEG) (M = Ni, Co, Cu) catalysts (Fig. 3,
E and F, and fig. S13), and CO selectivity values of 96, 70, 78.2, and 4.8%
were measured for NiCo(TPA/TEG), Co(TPA/TEG), NiCoCu(TPA/
TEG), and Cu(TPA/TEG), respectively. We have also detected a fair

amount of H, (25.7 umol) from the hydroxylated TPA-free Ni(TEG)
catalyst in addition to the CO evolution (96.5 umol) after a 6-hour re-
action (fig. S14), which is analogous to the Ni-based hydroxides for
practical H, evolution from the electrocatalysis of water (36).

Tuning the selectivity for liquid fuels production from CO,
Furthermore, considering the potential of noble metal electrodes
for CO, reduction (41, 42), we decorate the spongy Ni(TPA/TEG)
with noble metal nanocrystals, that is, Rh and Ag, in pursuit of tuning
the selectivity of liquid fuels production from the photocatalytic
CO, reduction (15, 21). Figure 4 (A to C) shows the Ag-decorated
Ni(TPA/TEG) catalyst, where Ag nanocrystals with an average di-
ameter of ~6 nm are well dispersed on the Ni(TPA/TEG). We ex-
amine the liquid products after a 6-hour reaction on three catalysts,
that is, undecorated Ni(NPA/TEG), Rh-decorated Ni(TPA/TEG),
and Ag-decorated Ni(NPA/TEG) (Fig. 4D). For the Ni(NPA/TEG)
catalyst without any decoration, we measure formic acid (HCOOH)
with a concentration of 29.2 uM and acetic acid (CH;COOH) with
a concentration of 72.5 uM in addition to CO. With the decoration
of Rh and Ag nanocrystals, the amounts of CO decrease drastically,
whereas the amounts of liquid products significantly increase. Formic
acid (HCOOH) with a concentration of 313.5 uM is mainly obtained
on the Rh-decorated Ni(NPA/TEG) catalyst, and CH;COOH with a
concentration of 195.6 UM is the major product for the Ag-decorated
Ni(NPA/TEQG) catalyst, where the origin of CH;COOH has been con-
firmed from the flowing CO, source by MS (fig. S15). Note that CO,

[ Ni(TPA/TEG) 300
[ Ni(TPA/TEG)-Rh | [
~ 120- I Ni(TPA/TEG)-Ag | [ S50
° b
£
2 904 Gas Liquids 1200 s
9 =
2 L150 3
§ 60 | %
S -100 <
w _
30 [ &
0 0
co HCOOH CH,COOH

Products after 6-hour photocatalysis

Fig. 4. Generation of liquid products on metal-decorated Ni(TPA/TEG) composites. Low-magnification (A) and high-resolution (B) TEM images of the Ni(TPA/TEG)
composite decorated with Ag nanocrytals. (C) EDX mapping of the as-prepared Ni(TPA/TEG)-Ag composite. (D) Comparison of the amount of the products (CO, HOOH,
and CH3COOH) generated from photocatalytic CO, reduction on Ni(TPA/TEG), Ni(TPA/TEG)-Rh, and Ni(TPA/TEG)-Ag catalysts.
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formic acid, and acetic acid reflect the overall product distribution of
the photocatalytic CO, reduction reaction; no other liquid products,
such as methanol, ethanol, or propanol, are detected in this experiment.

Enhanced production of liquid fuels from photocatalytic
reduction of CO

By assuming that the evolved CO may be further consumed for the pro-
duction of acids, we also conduct control experiments using CO, instead
of CO,, as the gas feedstock for the photocatalytic reduction reaction. As
a result, largely enhanced yields of acids are obtained. For instance, the
amount of HCOOH evolved from the CO reduction is 24 times higher
than that from the CO, reduction on the Ni(NPA/TEG) catalyst (Fig. 5A),
and the amount of CH;COOH produced from the CO reduction reaction
for the Ag/Rh-decorated Ni(NPA/TEG) catalyst exhibits a sixfold increase
over the results from the CO, reduction reaction (Fig. 5B and fig. S16).
Besides the increase in acid production, another important C2 product,
that is, ethanol [with a concentration of 270.6 uM for Ni(NPA/TEG)-Rh
and 262.2 uM for Ni(NPA/TEG)-Ag], has also emerged from the 6-hour
photocatalytic CO reduction reaction.

Possible mechanisms for the photocatalytic reduction
reactions of CO, or CO

On the basis of the abovementioned results, we propose the following
mechanism for the photocatalytic CO, reduction reactions on the
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Fig. 5. Comparison of the liquid products generated from photocatalytic
CO, reduction reactions (CO,RR) and CO reduction reactions (CORR) on
two catalysts. (A) Ni(TPA/TEG). (B) Ni(TPA/TEG)-Ag.
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spongy Ni(TPA/TEG) catalyst (Fig. 6). Upon visible light irradiation,
the photosensitizer [Ru(bpy)3]2+ is excited and then reductively
quenched by the TEOA sacrificial electron donor (18, 30, 43), which
gives rise to the reduced species of [Ru(bpy);]** (Fig. 6A). Subsequently,
the reduced species of [Ru(bpy)3]2+ could transfer an electron to the
spongy Ni(TPA/TEG) catalyst, which then participates in reducing
the CO, molecules fixed on the catalyst (Fig. 6B). In the 2-hour yield
tests of CO production in the solution with different amounts of
Ni(TPA/TEG), we have found that the CO production rate decreases
with the increase in the amount of catalyst (fig. S9), indicating that
the electron transfer from [Ru(bpy);] * to the catalyst could be a rate-
determining step for the CO, reduction reaction, where a diffusion-
limited event may have occurred in this heterogeneous catalytic
system (44).

For the selective generation of CO from CO,, we propose the forma-
tion of a basic intermediate (45) [that is, CO, radical anion (CO, )] in
the initial reaction step (CO, + e —CO, "), which acts as a Brensted
base and reacts easily with H,O to form CO (CO,” + H,O + e —CO +
20H"). On the other hand, in our proton-deficient photocatalytic reaction
medium (pH 8), water (the proton donor) could provide another nonbasic
intermediate, H' (H,O + e —H + OH"), before the H, evolution (H,O +
H +e —H, + OH") (46). For the spongy Ni(TPA/TEG) catalyst, it is likely
that the Ni-TPA coordination units are unfavorable for the binding of
H’ on the active sites, limiting the proton transfer and the formation of
H,. In addition, the flexible Ni-TEG units, with superior structural
resistance to the aqueous environment (23), enable the disordered
spongy network construction, where the open and defective structure
provides more accessible Ni** active sites to capture and stabilize the
CO," intermediates, leading to the efficient production of CO.

Subsequently, the evolved CO can be further reduced to liquid
fuels through proton-coupled multielectron reaction processes (Fig.
6C and fig. S17). Figure 6D shows the proposed conversion pathways
leading to the formation of HCOOH, CH;COOH, and CH;CH,OH
via proton-coupled one-, four-, and eight-electron steps, respectively, in
the electrolyte with a pH value of ~8. For the formation of HCOOH, we
propose the following reactions

H,O + e —H +OH" (1)
*CO + H'— *CHO (2)
*CHO + OH — HCOOH + e (3)

where *CO is quickly protonated to *CHO and then hydroxylated
to HCOOH. In the pathway of CH;COOH formation, CO is con-
tinuously hydrated to *CHO —*CHOH — *CH,OH — *CH;0H,
which bonds with the adsorbed *CO to form CH;COOH. As to
the formation of CH;CH,OH, the dehydroxylation of the as-formed
*CHO could be a critical rate-limiting step to produce C that can be
further protonated to *CH— *CH,— *CHj (47), and the C-C coupling
between *CHj and multiprotonated *CO (that is, CH,OH) could lead
to the formation of CH;CH,OH (48).

To further tune the proposed reactions, we performed the CO reduc-
tion reaction on the Ni(TPA/TEG)-Ag in the electrolyte with a pH value
of ~13 (fig. S18). We found that CH;O0H (184.09 uM), CH;CH,OH
(149.39 uM), HCOOH (438.98 uM), and CH;COOH (276.99 uM)
are produced at pH 13 in 6 hours, which is distinct from the liquid
products generated at pH 8, that is, CH;OH (0 pM), CH;CH,OH
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Fig. 6. Proposed mechanisms for the photocatalytic conversion of CO, to CO and of CO to other liquid products. (A) Visible light reduction of the photosensitizer [Ru(bpy)s**,
which transfers an electron to the Ni(TPA/TEG) catalyst to convert CO, to CO (B) and to Ni(TPA/TEG)-(Ag/Rh) catalysts for the generation of HCOOH, CH3;COOH, and CH3;CH,OH from
further reduction of CO (C). The STEM image in (C) is the Ag-decorated Ni(TPA/TEG) catalyst (the original STEM image is shown in fig. S15). (D) Possible conversion pathways
leading to the formation of HCOOH, CH3COOH, and CH3CH,OH via proton-coupled one-, four-, and eight-electron steps, respectively.

(262.19 uM), HCOOH (263.58 uM), and CH;COOH (1178.04 uM). At
pH 13, the hydroxyl ions (OH™) are commonly available for the hydrox-
ylation of *CHO, which favors the formation of HCOOH (fig. S18). On
the contrary, the enhanced hydroxylation of *CHO may suppress the
kinetics of the multiprotonation of *CO and the dehydroxylation of
*CHO (Fig. 6D), resulting in a lower amount of CH;COOH and
CH;CH,OH at pH 13. The appearance of CH;OH may suggest a weak
C-C coupling between *CH30H and *CO at pH 13 (leading to
CH;COOH at pH 8), which should be considered for the future
CO,/CO reduction catalyst design (49).

In summary, we have demonstrated a photochemical strategy for the
design of novel nanostructured metal-organic materials, where the rigid
TPA and soft TEG molecules are successfully cross-linked together with
the Ni** centers. A spongy Ni(TPA/TEG) hybrid structure with a con-
siderably high concentration of defects has been achieved. We found
that the Ni(TPA/TEG) catalyst is remarkably active for CO production
(with a production rate of 15,866 umol hour™" g™*) from the heteroge-
neous photocatalytic CO, reduction reaction, during which no other
measurable competing gases such as H, or CH, are generated, thus
giving a near 100% CO selectivity over other gases. When the spongy
Ni-organic catalyst is enriched with Rh or Ag nanocrystals, formic acid
and acetic acid can be produced selectively from the photocatalytic CO,
reduction reactions. We propose to use the spongy Ni(TPA/TEG) cat-
alyst in a “tandem catalyst” system to convert CO, into high-value lig-

Niu et al., Sci. Adv. 2017;3:e1700921 28 July 2017

uid fuels using visible light, where the selectively CO,-turned CO can be
directly used as an intermediate gas reactant for the generation of liquid
fuels, such as ethanol and acetic acid (fig. S19). More advanced metal-
organic heterogeneous photocatalysts with improved CO, fixation and
light-harvesting capabilities are expected to be fabricated using the pho-
tochemical strategy for efficient solar-to-fuels conversion.

MATERIALS AND METHODS

Laser-chemical synthesis of metal-organic photocatalysts
All chemicals including nickel nitrate (99.99%), cobalt nitrate (99%),
copper nitrate trihydrate (99%), ethanol (99.5%), DMF, TPA, and
TEG were purchased from Sigma-Aldrich and used as received. The
deionized water was produced by the Milli-Q Integral water purification
system. A Continuum Surelite III nanosecond pulsed laser was used as a
power source, and the following were the typical parameters of
operation: wavelength, 1064 nm; frequency, 10 Hz; pulse width, 7
to 8 ns; beam diameter, 0.9 cm; and 700 m]J per pulse. TEG solutions
(1 ml) of 1.5 M transition metal nitrates were added into 5 ml of DMF
solution of 0.5 M TPA; the mixed solutions were stirred for 30 min
before laser irradiation. For the syntheses of NiCo- and NiCoCu-organic
frameworks, molar ratios of Ni/Co (1:1) and Ni/Co/Cu (1:1:1) were
used, respectively. Typically, 3-hour laser irradiation was required for
a 6-ml mixed precursor solution to complete the reaction. For the
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syntheses by heating method, the same precursor solutions in glass vials
were heated at 110°C in an oven for 48 hours. Precipitates produced
after laser irradiations or heating were rinsed with acetone/ethanol, cen-
trifuged at 9000 rpm for three times, and then dried in air at 60°C to
obtain powders.

Photocatalysis measurement of CO, reduction reactions
The visible light-driven photocatalytic CO, reduction was conducted in
a closed gas circulation and evacuation system fitted with a top window
Pyrex cell. A circulating cooling water system was used to maintain the
reactor at around 20°C. In a typical reaction, 3 mg of catalyst (for each
test), 2.5 mmol of Ru(bpy);Cl,-6H,0, and 2 ml of TEOA were added to
10 ml of acetonitrile/H,O solvent mixture (CH;CN/H,O = 8:2). The
pH value of the solution was ~8, which was tuned to 13 by 1 M NaOH
aqueous solution for control experiment. The light source was a 300-W Xe
lamp with a long-pass cutoff filter (A > 420 nm). Before light irradiation,
the reaction system was evacuated and refilled with high-purity CO,
(99.995%; SOXAL) several times to remove air inside and finally filled
with CO, gas to reach a pressure of 400 torr. The evolved gas was
detected by online GC (Agilent 7890A) equipped with a thermal con-
ductivity detector and a flame ionization detector (FID) at different
times of the photoreaction. To evaluate catalyst reusability, 15 mg of
the catalyst was applied for photocatalysis and recycled by centrifuga-
tion after a 2-hour reaction, and then mixed with 8 ml of CH;CN, 2 ml
of H,0, 2 ml of TEOA, and 18 mg of Ru(bpy);Cl,-6H,O for the next
run. The solution products in the liquid phase were analyzed separately
at the end of the photoreaction. Alcohols in the liquid phase were ana-
lyzed by Agilent 7890A GC with an FID, a DB-WAX column, and
helium as the carrier gas. Carboxylic acids in the liquid phase were ana-
lyzed using an Agilent 1260 high-performance liquid chromatograph
(HPLC) with a PL Hi-Plex H column and variable wavelength detector
(VWD) (210 nm). [Ru(bpy);]Cl,-6H,0O (99.95%) and TEOA (=99.0%)
were obtained from Sigma-Aldrich. The acetonitrile (HPLC-grade) was
obtained from Merck.

The "*CO, isotope tracer experiment was performed under similar
photocatalytic reaction conditions. The reactor containing 3 mg of the
catalyst, 2.5 mmol of Ru(bpy);Cl,-6H,0, 2 ml of TEOA, and 10 ml of
the CH;CN-H,O mixture solution (CH3CN/H,O = 8:2) was first evac-
uated to ensure air removal and then refilled with *CO, gas (99 atomic %
13C; Aldrich) to reach a pressure of 400 torr. After 4 hours of irradiation,
200 pl of gas products was withdrawn using a gas-tight syringe and then
injected into a GC-MS (Agilent, GC Model 6890N/MS Model 5973)
with a molecular sieve 5 A column for analysis. The carboxylic acid
analysis was carried out separately by using a Thermo Finnigan LCQ
MS system.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/7/e1700921/DC1

Materials characterizations

Three-dimensional tomographic reconstruction of the spongy Ni(TPA/TEG) network
Comparison of the samples synthesized by laser-chemical route and traditional heating method
Control experiments to confirm the origin of the evolved CO

fig. S1. Structure of the selected rigid TPA linkers and soft TEG linkers for the laser synthesis of
the nickel-organic photocatalyst.

fig. S2. Morphology and composition of the spongy Ni(TPA/TEG) composite.

fig. S3. Nitrogen physisorption measurements of the spongy Ni(TPA/TEG) catalyst.

fig. S4. A comparison between the measured and simulated powder XRD patterns of the
crystalline Ni(TPA) framework.
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fig. S5. Electron diffraction of the Ni(TPA/TEG) catalyst.

fig. S6. STEM images show the morphologies of five nickel-organic composites synthesized
either by the laser-chemical approach (L) or the conventional heating method (H).

fig. S7. Comparison of the structure of Ni(TPA/TEG) and Ni(TPA) composites synthesized by
both laser-chemical (L) and heating (H) methods.

fig. S8. Brunauer-Emmett-Teller surface area of five as-synthesized nickel-organic composites,
including Ni(TPA/TEG) (L), Ni(TEG) (L), Ni(TPA)-DMF (L), Ni(TPA)-TEG (H), and Ni(TPA)-DMF (H).
fig. 9. CO production rate on different amounts of the Ni(TPA/TEG) catalyst.

fig. S10. Powder XRD patterns of the spongy Ni(TPA/TEG) catalyst before and after 24-hour
photocatalytic reactions.

fig. S11. Controlled photocatalysis experiments by applying the Ni(TPA/TEG) (L) catalyst in
either CO, or He gas, and without adding catalyst in CO,.

fig. S12. Comparison of the morphology and structure of the five laser-synthesized M(TPA/TEG)
(M = Ni, Co, Cu) catalysts, including Ni(TPA/TEG), NiCo(TPA/TEG), Co(TPA/TEG), NiCoCu(TPA/
TEG), and Cu(TPA/TEG).

fig. S13. Comparison of the yield of CO and H, on five laser-synthesized M(TPA/TEG) (M = Ni,
Co, Cu) catalysts after a 6-hour photocatalytic CO, reduction reaction.

fig. S14. Comparison of the gas products evolved from the laser-synthesized Ni(TPA/TEG) and
Ni(TEG) catalysts.

fig. S15. MS of acetic acid (CH3COOH) produced from the photocatalytic reduction of CO,
using the Ni(TPA/TEG)-Ag catalyst.

fig. S16. Comparison of the liquid products generated from photocatalytic CO,RR and CORR on
the Ni(TPA/TEG)-Rh catalyst.

fig. S17. STEM image of the Ag-decorated Ni(TPA/TEG) catalyst.

fig. S18. Comparison of the liquid products generated from photocatalytic CO reduction
reactions on the Ni(TPA/TEG)-Ag catalyst at pH 8 and 13.

fig. S19. Proposed three-cell tandem photocatalytic CO, reduction system for liquid fuels production.
table S1. List of other heterogeneous catalysts used for photocatalytic CO,-to-CO conversion.
movie S1. Three-dimensional reconstructed tomography of a fraction of the spongy Ni(TPA/
TEG) composite.

movie S2. Scanning nanobeam diffraction pattern series showing the [100] orientation of the
spongy Ni(TPA/TEG) composite.

movie S3. Scanning nanobeam diffraction pattern series taken along the [111] orientation of
the spongy Ni(TPA/TEG) composite.
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